Summary. An increase of basement membrane thickness in renal glomeruli, blood vessels, and other tissues is a consistent pathological observation in individuals with diabetes mellitus. Although a number of pathological complications of the disease are thought to result from this structural abnormality in basement membranes, the mechanism(s) responsible for this glucose-mediated process remain unknown. The current study was designed to develop a non-mammalian in vivo epithelial/basement membrane model which would facilitate detailed analysis of the cellular and molecular processes which lead to thickening of basement membrane under hyperglycaemic conditions. The system developed utilizes the Cnidarian, Hydra vulgaris. Hydra lends itself to such studies because of (1) its simplified body structure which is composed of an epithelial bilayer with an intervening basement membrane (mesoglea) and (2) its extensive regenerative capacity which allows cell pellets (Hydra cell aggregates), formed from isolated Hydra cells, to develop into adult Hydra within 72-96 h. This process involves reformation of an epithelial bilayer and de novo biosynthesis of a basement membrane. Our studies indicate that exposure of developing Hydra cell aggregates to levels of D-glucose which mimic that observed in the human diabetic patient (15 mmol/1) induces a doubling of Hydra basement membrane thickness within 72-96 h of pellet formation. The same results were obtained using 15 mmol/1 D-Ribose which is a highly efficient glycating agent. The data presented support the use of the Hydra cell aggregate system as a potentially powerful non-mammalian in vivo model to investigate the cellular and molecular mechanism(s) underlying glucosemediated basement membrane thickening.
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Thickening of basement membrane in renal glomeruli, blood vessels, and other tissues is a common pathological observation in individuals with diabetes mellitus [1, 2] . While various pathological complications of the disease are thought to result from this structural abnormality in basement membranes, the mechanism(s) responsible for this glucose-mediated process remain unknown [1, 2] . Investigations regarding this problem have been conducted utilizing human tissues and a number of different animal models [2] . One problem associated with the use of animal models is the time required for structural changes to occur in basement membranes. This period varies from four to eight months for spontaneous [3] and streptozotocin (STZ)-induced [4] diabetic rats and can be as long as six years for pancreactomized monkeys [5] . This protracted time frame introduces secondary factor.s such as age and diet which complicate analysis of the cellular mechanisms directly involved in basement membrane thickening. These problems could be alleviated by a simplified in vitro or in vivo cellular model in which basement membrane thickening occurred more rapidly after exposure to hyperglycaemic conditions. In an attempt to circumvent the problems associated with diabetic animal models, we have investigated the use of Hydra vulgaris as an alternative in vivo cellular model. Hydra have distinct advantages in studies related to the formation and maintenance of basement membranes. Structurally, Hydra is reduced to an epithelial bilayer with an intervening basement membrane which has a composition similar to that observed in mammals [6] . In addition, the organism has an extensive regenerative capacity which allows cell pellets (Hydra cell aggregates) formed from isolated Hydra cells to reform into adult Hydra within 72-96 h. This morphogenetic process involves reformation of an epithelial bilayer and subsequent de novo biosynthesis of a basement membrane. The objective of the present study was to determine if elevated glucose levels induce thickening of Hydra basement membrane during development of Hydra cell aggregates.
Materials and methods
Hydra vulgaris (formally Hydra attenuata) colonies were maintained in specially designed aquariums using a culture medium containing: lmmol/1 CaCl2, l mmol/1 NaHCO3, 0.25retool/1 MgC12, and 0.01 mmol/l EDTA. Hydra cell aggregates were made as described by Gierer et al. [7] with the following minor modifications: (1) 500 Hydra were minced prior to dissociation; (2) dissociated cells were further filtered through a 53 gm Nytex screen; and (3) 500,000 cells were used for formation of each Hydra cell aggregate pellet. Once formed, pellets were immediately transferred into sterilized Hydra medium and 0.005% rifampicin. At 24 h of development, experimental Hydra cell aggregates were transferred to Hydra medium containing varying concentrations of D-glucose or D-ribose. Experiments were terminated at 96 h, 7 days, and 12 days after pellet formation. At the end of each experiment, Hydra cell aggregates were fixed and processed into Spurr's resin and stained ultrathin sections were examined using a JEOL 100S transmission electron microscope.
Blocks were trimmed and faced to ensure that cross sections were obtained from the Hydra cell aggregates. Given the structure of Hydra (see Fig. I a, b) , cross sectional planes could be identified by trimming and facing specimens until an epithelial bilayer with an intervening basement membrane was observed in thick sections. Oblique sectioning would result in the appearance of multiple epithelial layers. When such oblique sections were observed, trimming and facing was continued until a cross sectional plane was obtained. Cross sectional planes for control and experimental specimens were therefore within the variance of the width of an epithelial cell of the ectodermal and endodermal layer. At the ultrastructural level, Hydra basement membranes were easily identified using morphological criteria and all electron micrographs were taken at a magnification of 8,000X. Once a basement membrane was identified, all regions along its length were photographed. This resulted in a minimum of 30 micrographs being taken for each specimen. A minimum of two specimens were examined for each control and experimental group and each experiment was repeated at least twice. This procedure prevented a biased selection of particularly thick or thin regions. In addition, all experiments were conducted in parallel by two investigators to determine consistency of results. A standardized enlargement was used so that a basement membrane length of 9 cm was measured on each photomicrograph. This meant that all measurements were of a standard unit length so that increases in mean volume values represented increases in basement membrane thickness. For each control and experimental specimen, basement membrane area on each photomicrograph (each photomicrograph represented adjacent areas of the basement membrane) was deter-X. Zhang et al.: An In vivo model of basement membrane thickening mined using a Sigma Scan (Jandel Scientific, Corte Madera, Calif., USA) morphometric program installed on a Zenith 159 PC with a SummaSketch digitizer pad. Data were expressed in square millimeters as measured directly from the photomicrographs. For the magnifications used in these experiments, actual in situ square micrometers can be determined by multiplying square millimeters by a factor of 0.0055.
Statistical analysis
Control and experimental groups were statistically compared using the Student's 't' test. When groups of more than two were compared, analysis of variance was used. For all data points shown in Figures 1 e  and f, a minimum of four (n = 4) separate groups were utilized.
Results
As described by Gierer et al. [7] , Hydra cell aggregate pellets develop into a cyst by 24 h. As shown in Figure 1 a, cysts are formed by an epithelium bilayer. Once Hydra cells sort within the pellet to form an epithelium bilayer, an intervening basement membrane (mesoglea) begins to be formed (Fig. i b) . Representative photomicrographs of control and experimental (15 mmol/1 glucose) Hydra cell aggregates taken 96 h after pellet formation are shown in Figures i c and i d, respectively . While the ultrastructure of basement membrane appears similar between control and experimental specimens, the increased thickness of the glucose-treated specimen is apparent. As shown in the bottom left graph (Fig. 1 e) , exposure of Hydra cell aggregates to 15 mmol/1 glucose or 15 mmol/1 ribose resulted in a doubling of basement membrane area within 96 h of pellet formation (72 h actual exposure to carbohydrate). This same result was obtained using carbohydrate concentrations as high as 100 mmol/1 (Fig. 4f, data shown for ribose only). Exposure to the highest concentrations of carbohydrate for up to 12 days did not cause any additional thickening of Hydra basement membrane over what was observed after 72-96 h of treatment (Fig. 3[ f) . Although a downward trend in basement membrane thickness appears to occur between 96 h and 12 days in the control groups (Fig. 1 f) , there was no statistical difference between these groups at p < 0.05. In all experiments; however, control and experimental groups were statistically different atp < 0.05.
Discussion
Diabetes mellitus is a major health problem with severe secondary complications involving retinopathy, neuropathy, accelerated atherosclerosis, and nephropathy. Although glucose-mediated thickening of basement membrane has been linked to these secondary complications, the mechanism(s) triggering abnormalities in basement membrane have not been determined. To circumvent problems associated with the use of mammalian animal models of diabetes in elucidation of the precise cellular and molecular mechanisms involved in basement membrane thickening, the present study was initiated. Our data indicate that Hydra cell aggregates will respond to elevated glucose levels by doubling their basement membrane thickness within 96 h of pellet formation. The concentrations of glucose used in this study (15 mmol/l) mimic those observed in individuals with diabetes and are one half the concentrations typically seen in animal models such as the STZ-treated rat [4] . This observation coupled with the fact that Hydra are structurally reduced to an epithelial bilayer with an intervening basement membrane (e. g. structurally analogous to the glomerular filtration unit) makes this non-mammalian in vivo system particularly useful in studies related to analysis of the cellular and molecular mechanisms underlying glucosemediated basement membrane thickening. The system offers a wide variety of experimental approaches not practical in mammalian animal models such as: (1) cell transfection studies using isolated Hydra cells prior to pellet formation; (2) the ability to initiate co-ordinated development of up to 500 ttydra cell aggregates to allow subsequent analysis of transcriptional and translational events associated with the synthesis of basement membrane components within the epithelium; and (3) as previously reported [6] , the ability to isolate large quantities of purified Hydra basement membrane for detailed biochemical analysis of its components.
Although phylogenetically far removed from mammals, Hydra basement membrane has been shown to have a composition similar to that of mammals [6] . For example Hydra basement membrane has been reported to contain type IV collagen, lmninin, fibronectin, and heparan sulfate proteoglycan [6] . In addition, immunological and biochemical analyses indicate some structural similarities between the matrix components existing in Hydra and mammalian basement membranes [6] . Taken in total, these observations support the use of Hydra as a model system to study the developmental relationship between epithelial ceils and the biogenesis and maintenance of basement membrane under normal and hyperglycaemic conditions.
With these facts in mind, the Hydra cell aggregate system seems well suited to evaluate current hypotheses regarding the cellular and molecular mechanism(s) underlying glucose-mediated basement membrane thickening. Briefly stated, current hypotheses attribute basement membrane thickening in diabetes to: (1) increased rates of synthesis and/or secretion of basement membrane components [8] , (2) decreased turnover or degradation of basement membrane components [9] , and/or (3) extracellular structural modifications of basement membrane components resulting from extracellular non-enzymatic glycation [8] .While the current study does not directly ad-707 dress these hypotheses, it is interesting to note that ribose, which is a rapid glycating agent [10] , has effects similar to that seen with glucose indicating a possible link between non-enzymatic glycation of matrix components and basement membrane thickening in Hydra. Further experiments are in progress to evaluate these various mechanisms using the Hydra cell aggregate system.
